Self-excited, high-frequency first transversal thermoacoustic instabilities in a cylindrical combustion chamber equipped with a premixed swirl-stabilized flame are investigated. Phase-locked image analysis of the phenomena shows the displacement of the flame and a higher burning rate in the region of elevated pressure. The impact of diffuser angle and fuel composition on the stability limits and the flame position is investigated. The Rayleigh-Index is computed for a threedimensional domain based on analytical flame transfer functions for experimentally obtained data of OH*-chemiluminescence as measure for the spatial heat release. Two models from different sources are applied, which describe the interaction between flame and acoustic locally. The axial dependence of the amplitude of the transversal mode is computed by a numerical model, which takes the temperature distribution inside the combustion chamber into account. The comparison of the Rayleigh-Index of different operation points shows a correlation with the stability limits for some, but not for all investigated configurations.
Introduction
The major goal of development activities in gas turbine combustor technology is the reduction of emissions of nitrogen oxides. These emissions can be reduced with lean premixed combustion, which is the most commonly used combustion concept. Lean premixed combustion has low emissions due to a homogeneous mixture of fuel and air and a low flame temperature. Unfortunately, thermoacoustic instabilities are more likely to occur in combustion systems with lean premixed combustion.
In contrast to most investigations, which deal with low-frequency longitudinal modes, this work focuses on high-frequency transversal modes. Transversal modes are of recent interest in gas turbine development and an ongoing topic in the field of rocket engines since the 1960s. O'Connor et al. 1 provide an overview of recent studies on transversal modes in combustion systems, while an overview of studies dealing with low-frequency longitudinal modes can be found in Lieuwen and Yang. 2 A recent experimental study of proposed a feedback model for transverse combustion instabilities in gas turbine combustors based on the flame displacement caused by the acoustic velocity. Experimental observations and analytical computations are indicating that the radial flame position has a high impact on the growth rate with the highest values in the center of the combustion chamber. A numerical study by Zellhuber 6 deals with high-frequency, transversal instabilities in autoignition-stabilized gas turbine combustion systems and provides equations to compute the Rayleigh-Index with contributions of flame displacement, density fluctuations, and pressure sensitivity, the latter of which is only relevant for auto-ignition flames. Zellhuber et al. 7 determine that Schwing's displacement model can be derived from Zellhuber's feedback formulation for a thin flame in the direction of the fluctuation of the mode. The direction of the fluctuation of the mode is the transverse direction of the oscillation, orthogonal to the burner axis. A different equation for the Rayleigh-Index is proposed by Sattelmayer et al., 8 which is based on the gradient of the pressure field and the acoustic displacement. Both Zellhuber's and Sattelmayer's equations are based on the classical formulation of the Rayleigh-Index, using transfer functions to connect the (instantaneous) heat release to the mean heat release.
Within the present work, Rayleigh-Indices are computed for a large number of operation points and for different configurations of a swirl-stabilized combustion test rig. The variation of the configurations, especially the variation of the fuel composition, leads to different flame positions. In comparison to methaneair flames, methane-hydrogen-air flames are more compact, as illustrated in the next section. In this test rig, self-excited thermoacoustic instability at about 3 kHz occurs depending on the operation point and the configuration. One goal of this work is to compare stability limits to the mean flame position. In the next section the experimental setup, the configurations, and the operation points are explained. Then, results of phase-locked imaging, which gives an insight into different feedback mechanisms are shown. This is followed by a section in which the stability limits and flame position are discussed for the variation of the diffuser angle and the variation of the fuel composition. The last section deals with the computation of the Rayleigh-Index including the presentation of the flame transfer functions linking the mean heat release to acoustic quantities, the numerical model for the computation of the pressure amplitude declining in the axial direction, and the discussion of the calculated Rayleigh-Indices.
Experimental setup
The test rig used for this study is a swirl-stabilized burner at atmospheric pressure. A schematic of the test rig is shown in Figure 1 . Perfectly premixed (1) air and fuel -pure natural gas and a mixture of natural gas and hydrogen -are used. The preheated mixture passes through the plenum (2), the swirl generator (3), a mixing tube (4), and an optional diffuser (5) before entering the cylindrical combustion chamber (6) . The flame is aerodynamically stabilized inside the combustion chamber. The combustion chamber has a radius R of 80 mm and length L of 200 mm. Afterwards, the burnt gas enters the exhaust (7) .
Different swirl configurations -specified by the width b of the slots inside the swirl generator -are investigated in this study, similar to Schwing. 3 Lowand high swirl configurations in this work correspond to a swirl slot height b equal to 14 mm and 11 mm, respectively. Another variation deals with the geometry of the combustion chamber inlet. A diffuser (No. 5 in Figure 1 ) with a varying diffuser angle a D (from 0 to 15 ) is used. Furthermore, the configuration without diffuser (no diffuser, nD), where the mixing tube is attached directly to the combustion chamber, is used as mentioned in Mayer. 9 An overview of the investigated configurations is provided in Table 1 . In this study, the operation points are specified by the preheat temperature T pre , the air mass flow _ m L , and the air excess ratio . The preheat temperature can be varied between T pre ¼ 100 C and 400 C and the air mass flow rate between _ m L ¼ 60 g/s and 120 g/s. The air excess ratio can be adjusted to any value between ¼ 2 and 1. More information on the test rig can be found in Schwing 3 and Mayer 9 ; design and concept of the flow field are discussed in Sangl et al. 10, 11 In this test rig, self-excited thermoacoustic instability occurs. During testing a set of parameters (b, a D , T pre , _ m L , Fuel) is kept constant, while the air excess ratio is varied. The system is always stable at a high air excess ratio, i.e. low-thermal power P. With increased thermal power P -and reduced air excess ratio -transversal, high-frequency instability arises. The critical air excess ratio -the transition point between stable and unstable operation -is different for every set of parameters (b, a D , T pre , _ m L , Fuel). The impact of the different parameters on the critical air excess ratio is discussed later on.
The acoustic boundary conditions of the inlet and outlet are insignificant for the T1 mode: Due to the rise of the temperature, speed of sound, and cut-on frequency in the axial direction, the amplitude of the mode attenuates to zero and the interaction of the mode with the downstream boundary condition is negligible. At the inlet of the combustion chamber, a change in the cross-sectional diameter causes a change of the cut-on frequency, which prevents the mode from propagating in that direction.
In this study, the following measurements are performed. For an unstable operation point, OH*-chemiluminescence and simultaneous acoustic pressure measurements are applied for phase-locked image analysis. The stability limits are identified by acoustic pressure measurements. OH*-chemiluminescence images are recorded to obtain the mean flame position for the computation of the Rayleigh-Index.
For acoustic measurements, five dynamic pressure sensors (PCB Type 106B, water-cooled housing) are mounted inside the front plate circumferentially of the combustion chamber to identify the amplitude, frequency, and the orientation of the mode. Band-pass filtered OH*-chemiluminescence is recorded with a high-speed camera (Photron SAX) and a high-speed image intensifier (Hamamatsu C10880-03F), capturing the whole combustion chamber from one side.
For the phase-locked image analysis, the line-ofsight integrated pictures are not post-processed with an inverse Abel algorithm, because an axisymmetric flame cannot be assumed. However, for the analysis of the mean flame position, the OH*-chemiluminescence pictures are post-processed with an inverse Abel algorithm to generate flame images in the symmetry plane of the combustion chamber. These inverse Abel-transformed images are then summed up along the burner axis and scaled with the thermal power of the operation point. For the computation of the Rayleigh-Index, the inverse Abel-transformed images are rotated around the burner axis, mapped onto a three-dimensional coordinate system, and scaled with the thermal power of the operation point. In 
Phase-locked image analysis
In order to gain a deeper understanding of the phenomena, an unstable operation point (
of the test rig for configuration C1 with a diffuser angle of a D ¼ 10 is investigated using phase-locked image analysis. The frequency of the instability is at about f & 3 kHz, as illustrated in Figure 3 . For this measurement technique, it is necessary to simultaneously record the flame and the acoustic pressure inside the combustion chamber. The basic idea of phase-locked image analysis is to obtain information about flame behavior at different moments of the phase cycle. The largest difference between two points in the phase cycle is between phase angle 0 (acoustic pressure is positive in the upper half of the combustion chamber) and phase angle 180 (acoustic pressure is negative in the upper half of the combustion chamber). To compare these two states, the OH*-chemiluminescence time series is sorted by the phase angle of the simultaneously recorded pressure signal. All images at one particular phase angle are averaged to obtain one mean image of the flame at this phase angle. For this measurement, about 4500 cycles of the instability were recorded. The mean images of the phase angles 0 and 180 are shown in Figure 4 . Two observations can be made regarding these phase-locked images. First, the flame has a different radial position dependent on the phase angle. This can be clearly observed when one focuses on the R ¼ 50 mm lines. The flame is shifted upwards in the left image and shifted downwards in the right image of Figure 4 . Second, a zone of elevated OH*-chemiluminescence intensity can be identified in the region of elevated acoustic pressure. In the left image, this zone is above the centerline, while in the right image, this zone is underneath.
To further analyze these two observations, these images are then summed along the length of the combustion chamber to reveal differences between the two phase angles 0 and 180 with respect to the radial position of the flame, as shown in Figure 5 .
As already indicated in Figure 4 , a radial shift between the two profiles can be observed in Figure 5 , which is an indication of flame displacement. In addition, both profiles are mirror symmetric and feature a tip on the one side of the profile related to the positive acoustic pressure, suggesting a higher burning rate in this region of the combustion chamber. A possible explanation for the higher burning rate would be the higher density accompanying the higher pressure leading to higher volumetric heat release.
The phase-locked image analysis indicates that two different feedback mechanisms -the displacement of the flame and a mechanism related to the higher burning rate -are involved with the thermoacoustic instability. Both mechanisms are taken into account for the comparison of the Rayleigh-Indices below in this work.
Stability limits and mean flame position
As Schwing 3 already discovered, the stability limits of the test rig and the position of the flame are varying, dependent on the configuration. He discusses the stability limits of the test rig for configurations C1 and C2 with a diffuser angle a D ¼ 10 in terms of preheat temperature, air mass flow, and swirl. With increasing preheat temperature, the system becomes more stable and the critical air excess ratio is at lower values in the case of high swirl. The system becomes more unstable with increasing air mass flow and the thermal power.
The experiments conducted for this work are showing highly dependent stability limits with respect to changes in the flow field and the flame position. Differences in the stability limits due to the diffuser angle and the fuel composition are discussed in the following. Furthermore, axial and radial profiles derived from OH*-chemiluminescence images are used to illustrate the changes in the flame position.
The amplitude of the acoustic pressure measurements determines the stability limit. For every operation point, a fast Fourier transform (FFT) of the acoustic pressure time series is performed to identify the amplitude. Operation points with low amplitude are ''stable'' and operation points with high amplitude are ''unstable''. All configurations are stable with a high air excess ratio and low thermal power. With increasing thermal power, the instability occurs, leading to a critical air excess ratio for every configuration.
Diffuser angle variation
The purpose of the diffuser is originally to protect the flame brush from pulsations of neighboring burners in a multi-burner setup. 9 In Figure 6 , the stability limits of configuration C1 are displayed for two air mass flow rates over the air ratio with a preheat temperature of T pre ¼ 200 C. For both cases, the critical air ratio becomes higher with increasing diffuser angle. Thus, the system is more unstable for a larger diffuser angle. For the configuration without diffuser nD, the instability barely occurs within the investigated range.
The impact of the diffuser angle on the flame position is effectively revealed in Figures 7 and 8 for one Figure 7 shows the radial profile of the heat release and Figure 8 shows the cumulated axial profile with respect to the diffuser angle.
The effects of the diffuser angle on the flow field and the flame position are clearly visible. With increasing diffuser angle, the flame position moves towards the combustion chamber wall. Due to the diffuser, the axial momentum of the flow decreases. Thus, the radial momentum increases, which shifts the flame towards the combustion chamber wall. The effect of the lower axial flow momentum can also be seen in the axial profile of the flame. With increasing diffuser angle and decreasing axial momentum, the flame is shifted towards the inlet of the combustion chamber.
Fuel composition variation
Stability limits are also determined for different fuel compositions. The addition of hydrogen changes the flame shape without changing the geometry of the test rig. Due to the higher burning velocity of hydrogen, the flame is more compact, as shown earlier in Figure 2 .
The stability limits of configuration C4 for two different air mass flow rates over the air ratio with a preheat temperature of T pre ¼ 200 C can be seen in Figure 9 . The stability limits for the addition of hydrogen shift to richer conditions in comparison to the operation point without hydrogen, i.e. the system becomes more stable when hydrogen is added to the fuel.
The impact of fuel composition on the flame position can be seen in Figures 10 and 11 .
In Figure 10 , radial profiles for two operation points with a mixture of hydrogen and natural gas as fuel are shown. As one can see, due to the hydrogen, the flame is shifted towards the center of the combustion chamber. Furthermore, the flame with hydrogen is concentrated in a small zone, while the natural gas flame is larger.
The differences in the axial position of the flame with respect to fuel composition are illustrated in Figure 11 , where cumulated axial profiles are shown. With an increasing amount of hydrogen in the fuel, the flame is shifted towards the inlet of the combustion chamber, due to the higher burning velocity of hydrogen compared to natural gas.
For the variation of the diffuser angle, a shift of the flame in the radial direction towards the combustion chamber wall is accompanied with a higher critical air excess ratio, while a shift towards the center of the combustion chamber for the variation of the fuel composition is accompanied with a lower critical air excess ratio. When comparing the axial profiles, a shift of the flame towards the combustion chamber inlet and a lower critical air excess ratio is observed for the variation of the diffuser angle, while a shift of the flame towards the combustion chamber inlet and a higher critical air excess ratio is observed for the variation of the fuel composition.
Computation of the Rayleigh-Index
The impact of the flame position, i.e. the spatial heat release distribution, on the driving potential is investigated in this section. The necessary equations are introduced and the computation of the Rayleigh-Index is explained. Thermoacoustic driving potential is usually described with the Rayleigh-Index, 12 which can be written as
Pressure and heat release fluctuations must be in phase to obtain a positive value for the Rayleigh-Index. With no explicit spatial heat release fluctuation data available, transfer functions are used in this section to link the spatial heat release fluctuation to the mean heat release. As stated in the introduction, instantaneous three-dimensional data of the heat release are not available. For this reason, an indirect way is chosen. The mean OH*-chemiluminescence images can be transformed to three-dimensional data using an inverse Abel algorithm. Using the mean flame position, transfer functions are necessary to link the mean flame to the instantaneous heat release. It is known that OH*-chemiluminescence is not strictly proportional to the heat release, but OH*-chemiluminescence correlates with the heat release in turbulent premixed systems. 13 
Model equations
For the computation of the Rayleigh-Index, transfer functions are needed which link the normalized fluctuations of the heat release rate to acoustic quantities. As mentioned in the phase-locked image analysis, probably more than one feedback mechanism is involved.
Low-frequency pulsations are connected to the assumption of an acoustically compact flame, where the ratio of flame to acoustic length scale is small and the heat release fluctuations do not vary spatially across the flame's surface. For high-frequency instabilities, the length scales of flame and acoustic quantities are in the same order of magnitude and the disturbance amplitude is modulated along the flame length scale. 14 Therefore, transfer functions connecting heat release and acoustic quantities on a local level are used.
Zellhuber 6 provides a transfer function for density fluctuations leading to a Rayleigh-Index as follows
For the flame displacement, Zellhuber also provides a transfer function leading to a Rayleigh-Index
Sattelmayer et al. 8 provide another model for the Rayleigh-Index
Employing integration by parts onto equation (4) leads to
and with
It is shown that the Rayleigh-Index according to Sattelmayer et al. equals the sum of both Rayleigh-Indices according to Zellhuber
To solve these equations, several quantities are needed.
The OH*-chemiluminescence images are used as a measure for the mean heat release rate.
The pressure field is calculated from the wave equation solution for every cut plane of the cylindrical coordinate system p r, ð Þ¼A þ Á J 1 a r ð ÞÁexp þi ð ÞþA À Á J 1 a r ð ÞÁexp Ài ð Þ ð8Þ
More information on wave equation solutions can be found in Schwing, 3 Lieuwen, 15 and Knapp et al. 16 The pressure field is a superposition of two counterrotating waves, computed with an amplitude A, the Bessel function J 1 , and the wave number d a . The ratio of the two amplitudes A þ and A À determines the motion of the mode. Possible motions are a standing mode, a rotating mode with constant angular velocity and mixed forms. Additional information can be found in Sliphorst et al. 17 In the test rig, a rotating mode with constant angular velocity was observed, so the Rayleigh-Index will be computed for a rotating mode.
The magnitude of the amplitude depends on the axial coordinate. For every cut plane of the cylindrical coordinate system, a numerical model depending on the temperature field in the combustion chamber determines the amplitude. The amplitude is normalized with the maximum pressure value of 1 Pa, which occurs at the combustion chamber inlet.
Determination of the axial pressure distribution
The objective of this work is to provide an analytical model for the Rayleigh-Index. Unfortunately, the axial pressure distribution cannot be derived from the experiment. In order to determine the axial pressure distribution, the wave equation was solved for every operation point numerically. The purpose of this model is to compute the pressure distribution for a 1T mode for a given temperature distribution as an input for the analytical model. In Figure 12 , two mode shapes are shown. These mode shapes are represented by the normalized acoustic pressure in the midplane of the combustion chamber. A generic, axial temperature distribution -constant low temperature T C from x ¼ 0 to x ¼ x C , linear temperature rise from T C to T H between x C and x H , constant high temperature T C from x ¼ x H to x ¼ L -was used in both cases and is shown in Figure 13 .
The difference between the upper and the lower mode shape in Figure 12 is the axial position of the linear temperature rise. In the upper case, the beginning of the temperature rise is positioned at x C ¼ 20 mm, and in the lower case it is positioned at x C ¼ 100 mm. In both cases, the distance between x C and x H was set to 50 mm. Thus, the temperature field has an impact on the pressure field, which itself has an impact on the computation of the Rayleigh-Index.
The determination of an axial pressure distribution for every experimental operation point is necessary for the analytical computation of the Rayleigh-Index, but there is no experimentally obtained temperature data available. Hence, an axial temperature distribution is estimated out of the OH*-chemiluminescence data, connecting the global heat release to the temperature rise. The chemiluminescence data are first summed up over the radius in the midplane of the combustion chamber, resulting in an axial profile. Second, the cumulative sum over the axis of the combustion chamber provides profiles, which can be seen in Figures 8  and 11 . Third, this profile is scaled to the inlet temperature and to the adiabatic flame temperature of the operating point. These estimated temperature profiles are used in the numeric model to gain axial pressure amplitude distributions which can be used in the computation of the Rayleigh-Index.
Comparison of the two Rayleigh-Indices
As shown in equation (7), the sum of the two contributions to the Rayleigh-Index according to Zellhuber equals the Rayleigh-Index according to Sattelmayer et al.
In Figure 14 , the composition of the Rayleigh-Index according to Zellhuber and a comparison of the The Rayleigh-Index connected to density fluctuations is always positive and proportional to the thermal power of the operation point. The Rayleigh-Index connected to flame displacement is at least one order of magnitude lower than the Rayleigh-Index connected to density fluctuations and can also assume negative values. The gradient of the mean heat release, which can be positive or negative, is responsible for this negative result. The comparison of the Rayleigh-Indices shows significant differences, although they should be equal according to equation (7) . Recalling equation (5), integration by parts is performed in general, while the computation of the Rayleigh-Index is only performed in the direction of r and y, as mentioned in equation (8) . While the Rayleigh-Index connected to density fluctuations (equation (2)) considers all three spatial dimensions, equations (3) and (4) neglect the longitudinal component in the direction of the combustion chamber axis. So far, research on high-frequency transversal instabilities has not focused on the longitudinal component of these modes. 3, 6 However, this component seems to have a relevant contribution to the driving potential of high-frequency instabilities, as indicated by the difference between RI Zel and RI Sat .
Comparison of the Rayleigh-Index for different operation points
In this section, the computed Rayleigh-Index RI Zel is compared with respect to the stability limits presented in the third section. As already mentioned above, the model equations only account for the driving potential of the flame and damping is neglected. Non-compact flame driving mechanisms are observed to be in phase with the acoustic pressure, which is why a positive contribution of the heat release to the local Rayleigh-Index is the consequence. All operation points of configuration C1 with a diffuser angle of a D ¼ 10 are shown in Figure 15 , while Figure 16 shows all operation points of configuration C1 without diffuser (nD). In Figure 15 , an increasing Rayleigh-Index can be observed with respect to the preheat temperature. In comparison, the operation points in Figure 15 take much higher values for the Rayleigh-Index than the operation points in Figure 16 . Recalling the stability limits in Figure 6 , the configuration without diffusor (nD) has much higher stability limits than the configuration with a D ¼ 10 . The higher values of the Rayleigh-Index for the configuration with a D ¼ 10 are in good agreement with the observed stability limits. The Rayleigh-Index is mainly driven by the axial position of the heat release due to the axial decay of the acoustic pressure. Operation points with flame positions near the combustion chamber inlet result in higher values for the Rayleigh-Index. Recalling Figure 5 , the flame position of operation points with a diffuser angle of a D ¼ 10 is upstream of operation points without diffuser (nD). In Figures 15 and 16 , the Rayleigh-Index is increasing with respect to the preheat temperature, because the flame is shifted upstream with increasing preheat temperature.
When comparing stable operation points with lower thermal power to unstable operation points with higher thermal power in Figure 15 , it is visible that the Rayleigh-Index of low-power operation points reaches values similar to operation points with higher thermal power. In this context, the Rayleigh-Index does not correspond to the stability limits, but as stated earlier, only the driving potential of the flame is considered and not damping.
The Rayleigh-Index of configuration C1 for a preheat temperature of T pre ¼ 200 C and air mass flow rates from _ m L ¼ 80 g/s to 120 g/s are shown in Figure  17 . The values of the Rayleigh-Index sort according to the diffuser angle order, with the highest values for a diffuser angle of a D ¼ 15 . The stability limits shown in Figure 6 show the same sorting order as the Rayleigh-Index. Similar to the differences in the Rayleigh-Index due to the variation of the preheat temperature, the axial position of the flame is most likely responsible for it. Due to the diffuser, the axial momentum of the flow is decreased, causing a shift of the flame towards the inlet of the combustion chamber. This results in a higher Rayleigh-Index due to higher amplitudes of the acoustic pressure in this region.
In Figure 18 , the Rayleigh-Indices of configuration C2 with a D from 0 to 15 for a preheat temperature of T pre ¼ 200 C and air mass flow rates from _ m L ¼ 80 g/s to 120 g/s are shown. The Rayleigh-Index dependency on the axial position can also be observed in this image.
Another observation can be made when comparing configuration C1 (Figure 17 ) to configuration C2 ( Figure 18) : The Rayleigh-Index tends to be much higher for configuration C2 (high swirl), although Schwing 3 already observed a higher critical air excess ratio for high swirl configurations. The Rayleigh-Index does not reproduce the experimentally observed stability limits with respect to the degree of swirl.
In Figure 19 , the Rayleigh-Index of the configurations C3 (mixture of hydrogen and natural gas, low swirl) and C4 (mixture of hydrogen and natural gas, high swirl) for a preheat temperature of T pre ¼ 200 C and mass flow rates from _ m L ¼ 80 g/s to 100 g/s is shown. As for all previous images, the Rayleigh-Indices are highly dependent on the axial position of the flame. With increasing swirl and amount of hydrogen, the flame is moved towards the inlet of the combustion chamber, causing higher Rayleigh-Indices. When comparing these Rayleigh-Indices to Rayleigh-Indices of operation points without hydrogen (Figures 15 to 18) , the operation points with hydrogen reach higher values, contradicting the stability limits presented in Figures 6 and 9 .
Summarizing the results, the Rayleigh-Index is highly dependent on the axial position of the flame due to the axially decreasing pressure amplitude. With respect to the stability limits, the Rayleigh-Index provides consistent results for the variation of the diffuser angle. For the variation of swirl and fuel composition, the Rayleigh-Index and the stability limits are not correlated.
It is important to mention again that this analysis only covers the driving potential, while the damping is not considered. The calculated Rayleigh-Indices indicate a higher damping for the configuration C2 (high swirl) in comparison to configuration C1 (low swirl) and higher damping for configurations C3 and C4 (mixture of hydrogen and natural gas).
Conclusions and outlook
Self-excited high-frequency transversal thermoacoustic instabilities were studied. The analysis of a phase-locked image analysis indicated possible contributions to the thermoacoustic feedback by acoustic displacement and of density modulations with heat release. For experimentally conducted OH*-chemiluminescence images, which represent the local heat release rate, the Rayleigh-Index was determined as a measure for the driving potential. The Rayleigh-Index was computed with respect to the transverse direction, neglecting contributions of the longitudinal component. Two different approaches for the calculation of the Rayleigh-Index were presented, showing that they are identical. Both approaches consider flame displacement and density fluctuations as feedback mechanisms. Differences in the computed results can be explained by the fact that the longitudinal component was not incorporated in the analysis when using one of the two approaches.
The axial decrease of the pressure amplitude was also taken into account in the model because, due to this decrease, the Rayleigh-Index is governed by the axial position of the flame. A position near the combustion chamber inlet tends to result in larger values for the Rayleigh-Index, caused by the decreasing pressure amplitude in the axial direction. The Rayleigh-Index is partly in agreement with the experimentally determined stability limits. The variation of the diffuser angle shows a correlation between Rayleigh-Index and stability limits. In contrast, the variation of swirl degree and the variation of fuel composition do not show a correlation, suggesting that the damping of these operation points is higher. One possible explanation for different damping could be the axial length of the mode due to the degree of swirl, leading to higher damping in the case of high swirl.
In comparison to previous work, the model was extended as follows:
. First, instead of a generic flame, experimental data were used. . Second, the model was expanded from a two-dimensional to a three-dimensional method, including an axial pressure gradient. . Third, next to flame displacement, another feedback mechanism connected to higher volumetric heat release was added to the model.
For subsequent work, the precise consideration of the longitudinal component is the next step for a better understanding of transversal thermoacoustic pulsations, as this work indicates that this component should not be neglected. Furthermore, a threedimensional temperature field would probably improve the quality of the results. For future investigations, the consideration of damping for every operation point would be a further goal to evaluate the Rayleigh-Index with respect to the stability limits.
During the review, the subject of this work was continued and extended in Berger et al., 18 and Hummel et al. 19, 20 
